Crystallography, magnetic susceptibility, heat capacity, and electrical resistivity of 
heavy fermion LiV 2 C>4 single crystals grown using a self- flux technique 
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Magnetically pure spinel compound LiV2 04 is a rare d-electron heavy fermion. Measurements 
on single crystals are needed to clarify the mechanism for the heavy fermion behavior in the pure 
material. In addition, it is known that small concentrations (< 1 mol%) of magnetic defects in the 
structure strongly affect the properties, and measurements on single crystals containing magnetic 
defects would help to understand the latter behaviors. Herein, we report flux growth of L1V2O4 
and preliminary measurements to help resolve these questions. The magnetic susceptibility of some 
as-grown crystals show a Curie-like upturn at low temperatures, showing the presence of magnetic 
defects within the spinel structure. The magnetic defects could be removed in some of the crystals 
by annealing them at 700 °C. A very high specific heat coefficient 7 = 450 mJ/(mol K 2 ) was 
obtained at a temperature of 1.8 K for a crystal containing a magnetic defect concentration ndefect 
= 0.5 mol%. A crystal with ridofoct = 0.01 mol% showed a residual resistivity ratio of 50. 
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I. INTRODUCTION 



The spinel lithium vanadium oxide L1V2O4 is a mate- 
rial of great interest as it shows heavy fermion behavior 1,2 
in spite of being a c£-electron metal whereas most of the 
other heavy fermions are /-electron compounds. The ori- 
gin of this heavy fermion behavior in L1V2O4 is contro- 
versial. Li V2O4 has the normal facc-ccntcrcd-cubic spinel 
structure with the space group Fd3m. The V atoms are 
coordinated by six O atoms in a slightly distorted oc- 
tahedron. The Li atoms are coordinated with four O 
atoms in a tetrahedron. The Li atoms are located in the 
gaps between chains of the VC>6 edge-sharing octahedra. 
A study of the phase relations in the Li20-V2O3-V2Os 
system at 700 °C (Ref. |3J) showed that the homogeneity 
range of LiV204 is smaller than the experimental res- 
olution of ~ 1 at%. From NMR measurements done 
on LiV2C>4 samples it has been found that for magneti- 
cally pure samples the 7 Li nuclear spin-lattice relaxation 
rate 1/Ti is proportional to temperature T at low tem- 
peratures (the Korringa law) which is typical for Fermi 
liquids. 1,4,5 However for samples which contain magnetic 
defects within the spinel structure, the relaxation rate 
has a peak at ~ 1 K and also shows other signatures 
which do not agree with the behavior of Fermi liquids. 6,7 
The occurrence of magnetic defects is easily seen as a low- 
T Curie-like upturn in the magnetic susceptibility rather 
than becoming nearly independent of T below ~ 10 K as 
observed for the intrinsic behavior 4 We have proposed a 
model in which the magnetic defects arise from a small 
homogeneity range of LiV204 in the spinel structured 
High quality crystals containing magnetic defects might 
help to resolve the question of the nature of these defects 
and may shed light on the mechanism for heavy fermion 
behavior in the pure material and on whether a Fermi 
liquid is still present in samples containing magnetic de- 
fects. In particular, there may be a critical concentration 
separating Fermi liquid from non-Fermi liquid behaviors. 



Crystal growth reports of L1V2O4 are rare. L1V2O4 
crystals were first grown by hydrothermal reaction of 
L1VO2 and VO2 in aqueous solutions IN in LiOH sealed 
in gold tubes and heated to 500 - 700 °C under a pres- 
sure of 3 kbar for ~ 24 hrd Octahedra shaped crystals 
were obtained that were ~ 0.75 mm on an edge. Elec- 
trical resistivity measurements demonstrated for the first 
time that L1V2O4 is metallic down to a temperature T 
of at least 4 K, with a room temperature resistivity of 
300 to 800 /if2 cm depending on the crystal^ Electrical 
resistivity measurements of magnetically pure LiV204 
single crystals using crystals grown by this technique 
were recently reporte d 10 ' 11 down to 0.3 K revealing a 
T 2 dependence between 0.3 and ~ 2 K as expected for a 
Fermi liquid. Heat capacity (C) measurements on these 
crystals yielded an extrapolated zero-temperature C/T 
value of 350 mJ/mol K 2 which was comparable to the 
value of C/T ~ 430 mJ/mol K 2 previously obtained at 
1 K from measurements on polycrystalline samples! 1 ^ 
More recently, the hrst flux growth of single crystals of 
LiV204 was reported using LiCl — Li 2 Mo04 — L1BO2 as 
the fluxjii The crystals were reported to be of high qual- 
ity but extremely reactive to air and/or moisture^ 

In this paper we report a new self-flux growth method 
to obtain single crystals of L1V2O4 along with our initial 
magnetic, thermal, and transport properties of our crys- 
tals. Some of our as-grown crystals had magnetic defects 
in them while some were essentially defect free. Unlike 
the crystals grown in Ref. [l3[ , our crystals did not show 
any reactivity towards air and moisture. 



II. EXPERIMENTAL DETAILS 

The starting materials of our samples of L1V2O4 
and Li 3 V0 4 were Li 2 C0 3 (99.995%, Alfa Aesar), V 2 5 
(99.999%, M V Laboratories Inc.), and V 2 3 (99.999%, 
M V Laboratories Inc.). The crystals of L1V2O4 were 
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grown in a vertical tube furnace. The single crystal X- 
ray diffraction measurements were done using a Bruker 
CCD-1000 diffractometer with Mo K a (A = 0.71073 A) 
radiation. Powder X-ray diffraction measurements at 
room temperature were done using a Rikagu Geigerflex 
diffractometer with a curved graphite crystal monochro- 
mator. Differential thermal analysis experiments were 
carried out using a Perkin-Elmer differential thermal ana- 
lyzer (DTA-6). The magnetic measurements on the crys- 
tals were done using a Quantum Design superconducting 
quantum interference device (SQUID) magnetometer in 
the temperature range 1.8 K - 350 K and magnetic field 
range - 5.5 T. The heat capacity and electrical resis- 
tivity measurements were done using a Quantum Design 
physical property measurement system (PPMS). For the 
heat capacity measurements, Apiezon N grease was used 
for thermal coupling between the samples and the sam- 
ple platform. Heat capacity was measured in the tem- 
perature range 1.8 K - 300 K. For electrical resistivity 
measurements, 0.001 inch diameter platinum (99.999%) 
leads were put on polished crystals using single compo- 
nent Epotek P1011 epoxy glue for electrical connections. 
Electrical resistivity was measured in the temperature 
range 1.8 K - 300 K in and 5 T magnetic fields. 
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FIG. 1: Pseudobinary phase diagram of the LiV204-Li3V04 
system. The arrow below the horizontal axis points towards 
pure LiV2C>4, which is far to the left of the left-hand vertical 
axis. Note that L1V2O4 decomposes peritectically at 1040 °C. 



III. CRYSTAL GROWTH AND 
CHARACTERIZATION 



data indicate that LisV04 is an ideal flux for L1V2O4 
crystal growth. 



A. LiV204 — LisV04 Pseudobinary Phase Diagram 



B. Crystal Growth 



As a first step to find a self-flux for crystal growth of 
L1V2O4, we melted a prereacted powder sample under 
inert atmosphere. The product was a mixture primar- 
ily of V2O3 and Li3V04. Since the phase relations in 
the solid state at 700 °C showed that LIV2O4 is in equi- 
librium with both V2O3 and Li3V04^ this result indi- 
cated that Li3V04 might be used as a flux to grow crys- 
tals of L1V2O4. We therefore determined the LiV204 - 
Li3VC>4 pseudobinary phase diagram using a DTA under 
1 atm He pressure, and the result is shown in Fig. [TJ We 
find that L1V2O4 decomposes peritectically at 1040 °C. 
This temperature is comparable to the maximum stabil- 
ity temperature of 1020 °C for LiV2 04 in vacuum found 
in Ref. [l3[. The eutectic temperature is about 950 °C 
and the eutectic composition is approximately 53 wt% 
L1V2O4 and 47 wt% Li 3 V0 4 . We see from Fig. [T] that 
by cooling a liquid with a composition of 53 - 58 wt% of 
L1V2O4 in L13VO4, crystals of L1V2O4 should grow once 
the temperature reaches the liquidus temperature, until 
the growth temperature decreases to the eutectic tem- 
perature 950 °C. Our flux Li3VC>4 has no other elements 
except Li, V and O, which eliminates the possibility of 
incorporating foreign elements in the L1V2O4 crystals. 
Also L13VO4 did not evaporate at high temperatures ~ 
1000 - 1100 °C, nor did it react with or even wet plat- 
inum crucibles. The crystals could be separated from the 
flux by dissolving the flux in water (see below). All these 



Polycrystalline L1V2O4 was prepared by the conven- 
tional solid state reaction of appropriate amounts of 
Li 2 C03, V2O5 and V2O3.— Powder samples of the flux 
Li3V04 were made by the solid state reaction of appro- 
priate amounts of V2O5 and Li2C03 at 525 °C in air 
for ~ 5 days. To grow the crystals we mixed powdered 
samples of LisVG^ and L1V2O4 with the composition of 
58 wt% LiV 2 4 and 42 wt% Li 3 V0 4 . The mass of the 
LiV204/Li3V04 mixture was typically ~ 5 - 8 gm. The 
powder was placed in a platinum crucible which was then 
sealed under vacuum in a quartz tube. The quartz tube 
was then heated to 1038 - 1060 °C, was kept at that tem- 
perature for 12 - 24 hours, and then cooled to 930 °C at 
a slow rate. We obtained the largest (up to 2.5 mm on a 
side) crystals when the cooling rate was 1 °C/hour. At 
higher cooling rates of 2 °C/hour and 3 °C/hour the crys- 
tal size became smaller (0.2 - 0.5 mm on a side). From 
930 °C the sample was furnace-cooled to room tempera- 
ture. The crystals of LiV2 04 were extracted by dissolving 
the flux at 50 to 55 °C in a solution of L1VO3 in deionized 
water or in pure deionized water in an ultrasonic bath. 
Finally the crystals were rinsed in acetone and dried. 

Three different kinds of crystal morphologies were ob- 
tained. One was octahedral shaped crystals with well- 
developed faces and size ~ 1 mm on a side. From Laue 
x-ray diffraction measurements, the flat faces of the oc- 
tahedra were found to be [111] planes. Another was ir- 
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FIG. 2: Scanning electron microscope pictures of the three 
LiV204 crystal morphologies obtained: octahedral (top left), 
irregular (top right and bottom right), and plate (bottom 
left). 



regular shaped: they were partly octahedral shaped with 
a few well-developed faces but also had irregular faces. 
Crystals with these two described morphologies were ob- 
tained together in the crystal growth runs. In one of 
our growth runs, along with the two morphologies, some 
plate-shaped crystals were also obtained. These were ~ 
2 mm in length, ~ 0.5 mm in width and about 0.1 mm 
in thickness. Figure [5] shows scanning electron micro- 
scope pictures of some of the crystals. X-ray diffraction 
measurements of powdered crystals showed single phase 
L1V2O4. Some of the crystals were annealed at 700 °C. 
To anneal, the crystals were wrapped in a platinum foil, 
embedded inside powder LiV204 and then sealed in a 
quartz tube under vacuum. The presence of the pow- 
dered L1V2O4 ensured that even trace amounts of oxy- 
gen in the tube would be taken up by the powder and 
the crystal would not become oxidized. 



C. Chemical Analysis and Crystal Structure 
Determination 

Chemical analysis was carried out on a collection of 
~ 10 single crystals using inductively coupled plasma 
atomic emission spectroscopy (ICP-AES)J^ The results 
gave the composition Li: (3.67 ± 0.37) wt%; V: (54.6 ± 
5.5) wt%; O, by difference: (41.7 ± 5.9) wt%. These val- 
ues are consistent with the values calculated for LiV2 04: 
Li, 4.0 wt%; V, 59.0 wt%; O, 37.0 wt%. 

A well-shaped octahedral crystal (0.25 x 0.25 x 0.21 
mm 3 ) was selected for X-ray structure determination at 
T = 293 K and T = 193 K. The initial cell constants were 
obtained from three series of u> scans at different starting 
angles. The final cell constants were calculated from a set 
of strong reflections from the actual data collection. The 
data were collected using the full sphere routine by col- 



lecting four sets of frames with 0.3° scans in lu with an ex- 
posure time 10 sec per frame with detector-to-crystal dis- 
tance 3.5 cm. This data set was corrected for Lorentz and 
polarization effects. The absorption correction was based 
on fitting a function to the empirical transmission surface 
as sampled by multiple equivalent measurements^ X-ray 
structure determination and refinement were performed 
using SHELXTL software package. 16 

Cell parameters and the systematic absences in the 
diffraction data were consistent with the space group 
Fd3m known for this compound. The Least-Squares re- 
finement on F 2 converged to Rl= 0.064 showing signif- 
icant extinction, therefore extinction correction was ap- 
plied. The final results, presented in Tables Q] and [Til 
are in a good agreement with earlier results on single 
crystals^ 3 - and powder diffraction^ 



IV. PHYSICAL PROPERTY MEASUREMENTS 
A. Magnetic Susceptibility 

The magnetic susceptibilities of as-grown octahe- 
dral, irregular and plate-shaped crystals are shown in 
Fig. EH a). The magnetic susceptibility of the octahe- 
dral and irregular crystals showed a sharp upturn at low 
temperatures which indicates that these as-grown crys- 
tals have magnetic defects in them, as also observed in 
some powder samples £ However the magnetic suscepti- 
bility of the plate-shaped crystal was strikingly different. 
The susceptibility of the plate showed only a tiny low- 
temperature upturn and therefore revealed the intrinsic 
susceptibility 8 of L1V2O4. 

The magnetic defect concentration in a crystal was cal- 
culated by fitting the observed molar magnetization M Q b s 
isotherms at low temperatures^ (< 10 K, not shown) by 
the equation 

M ohs = \H + n dc f cct N A gdctectfi-BSdtfectBs(x) , (1) 

where ndefcet is the concentration of the magnetic de- 
fects, Na Avogadro's number, ^defect the g-factor of 
the defect spins which was fixed to 2 (the detailed 
reasoning behind this is given in Ref. Q), £> defect 
the spin of the defects, Bs(x) the Brillouin func- 
tion, and x the intrinsic susceptibility of L1V2O4 spinel 
phase. The argument of the Brillouin function Bs(x) 
is x = 5dcfcctMBSdcfcct-ff/[kB(r-6>dcfect)] where 6» dc fcct is 
the Weiss temperature associated with the magnetic de- 
fects. Using the above analysis we obtained ^defect ~ 
0.25 - 0.5 mol% for the as-grown octahedral and irregu- 
lar crystals and ndefect 0.01 mol% for the plate-shaped 
crystals. 

In some of the octahedral/irregular crystals, annealing 
at 700 °C led to the near-elimination of the magnetic 
defects. The magnetic susceptibilities of one of the ir- 
regular shaped crystals, as-grown and then annealed, are 
shown in Fig. [3Jb). The low T Curie- like upturn in the 
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TABLE I: Crystal data and structure refinement of L1V2O4. Here Rl = X^ll-^obs — -Fcaic | l/X^I-^obs an d wR2 = (%2[ w(\F ^, s \ 2 
— -Fcaic | 2 ) 2 ]/zC[ w (l^ 7 obs| 2 ) 2 ]) 1,/2 , where -F b s is the observed structure factor and -F ca ic is the calculated structure factor. 



Temperature 


193(2) K 


293(2) K 


Crystal system/Space group 


Cubic, Fd3m 


Cubic, Fd3m 


Unit cell parameter 


a = 8.2384(6) A 


a = 8.2427(7) 


Volume 
Z 


559.15(7) A 3 
8 


560.03(7) A 3 
8 


Density (Calculated) 


4.106 Mg/m 3 


4.106 Mg/m 3 


Absorption coefficient 


6.485 mm -1 


6.485 mm" 1 


F(000) 


648 


648 


Data / restraints / parameters 


80/0/8 


80/0/8 


Goodness-of-fit on F 2 


1.392 


1.401 


Final R indices [I > 2<r(I)] 


Rl = 0.0148 


Rl = 0.0180 




wR2 = 0.0409 


wR2 = 0.0527 


Extinction coefficient 


0.0205(15) 


0.0280(3) 



TABLE II: Atomic coordinates (x 10 4 ) and equivalent 
isotropic displacement parameters (x 10 3 A 2 ) for L1V2O4 at 
193 K. (7(eq) is defined as one third of the trace of the or- 
thogonalized Uij tensor. 





X 


y 


z 


U(eq) 


V(l) 


5000 


5000 


5000 


2(1) 


0(1) 


2612(1) 


2612(1) 


2612(1) 


3(1) 


Li(l) 


1250 


1250 


1250 


2(2) 



susceptibility for the as-grown crystal disappeared after 
annealing the crystal at 700 °C for five days, with the 
susceptibility becoming almost T-independent at low T, 
revealing the near-elimination of the magnetic defects. 
For the as-grown crystal we found ^defect — 0-38 mol% 
and after annealing, the defect concentration ndefcet be- 
came 0.01 mol%. 



B. Heat Capacity and Electrical Resistivity 
Measurements 

Figure BJa) shows the heat capacity C and Fig. @£b) 
shows the ratio 7 = C/T of as-grown octahedral crystal 
#6 [see also Fig. EKa)] ■ Below 20 K, the 7 increases with 
decreasing T and at the lowest temperature (1.8 K), it 
has a very high value of 450 mJ/mol K 2 , comparable to 
the values^? of 420-430 mJ/mol K 2 measured for pow- 
ders. Figure [5] shows the low T j(T) of an octahedral, an 
irregular and a plate-shaped crystal with different mag- 
netic defect concentrations. The variations of 7 with T 
for the octahedral and the irregular crystals are very si- 
miliar with the same value of 7 at the lowest tempera- 
ture. However, 7 for the plate-shaped crystal is lower 
(380 mJ/mol K 2 ) at 1.8 K. 

Figure [5] shows the temperature variation of the four- 
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FIG. 3: (a) Observed magnetic susceptibility of an octahe- 
dral (crystal #6), irregular (crystal #1 and #2) and a plate- 
shaped crystal of LiV204. The sharp Curie-like upturn at 
low T in the susceptibility of the octahedral and the irregular 
crystals show the presence of magnetic defects in the spinel 
structure of L1V2O4. (b) Magnetic susceptibility of crystal #1 
(irregular shaped), as-grown and then annealed. The low T 
sharp upturn for the as-grown crystal disappears after anneal- 
ing at 700 °C, showing the near-elimination of the magnetic 
defects by annealing. 



probe resistivity of a plate-shaped crystal both in zero 
magnetic field and in 5 T magnetic field. The applied 
field of 5 T is seen to have little influence on the resis- 
tivity. The resistivity decreases with decreasing T as ex- 
pected for a metal. The residual resistivity ratio (RRR) 
for the plate-shaped crystal is 50, revealing its high crys- 
tal perfection. This value can be compared to the values 
of w 2, w 27 and w 12 for the crystals in Refs. 0, [l(J 
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FIG. 4: (a) Specific heat C versus temperature T for an octa- 
hedral crystal of LiV2 04 with magnetic defect concentration 
"■defect = 0.5 mol%. (b) The data in (a) plotted as C/T versus 
T. 
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FIG. 6: Temperature T variation of the resistivity of a plate- 
shaped crystal in zero field and in a 5 T magnetic field. 



netic defects. Then we put some of that powder into 
deionized water and some into a solution of LiV03 in 
deionized water for two weeks. The X-ray diffraction 
patterns of the two treated samples remained unchanged 
from the original sample. The magnetic susceptibilities 
of the two treated samples along with that of the original 
sample are plotted in Fig.[7Ja). The susceptibilities of the 
three samples are nearly identical over the entire temper- 
ature range. With the single crystals, before dissolving 
the flux, a small crystal was broken off of the solificd 
button of crystals embedded in the flux. The magnetic 
susceptibility of that small crystal was measured. Then 
it was put in water in an ultrasonic bath to dissolve the 
flux and after it was dried with acetone, it was left in wa- 
ter for 5 days. The magnetic susceptibility of that crystal 
before and after water treatment is shown in Fig. [7jb) . 
Our findings for both powder and single crystal L1V2O4 
contradict the results in Ref. [13| where the susceptibility 
of their L1V2O4 single crystals changes drastically after 
being exposed to air and moisture. 



FIG. 5: C/T versus T for crystals with varying "defect: Crys- 
tal #1 (filled circles), crystal #6 (open squares), and a plate- 
shaped crystal (filled triangles). 

and [HI], respectively. 

V. WATER TREATMENT OF LiV 2 4 

In view of the results in Ref. [l3j . we also performed 
an experiment to see if our crystals of L1V2O4 are sen- 
sitive to water exposure. We performed this experiment 
on both powdered samples and single crystals of L1V2O4. 
We selected a sample of L1V2O4 powder free of any mag- 



VI. SUMMARY 

In this paper we have reported a new self-flux growth 
method to grow single crystals of L1V2O4 using the flux 
Li 3 V04. The selection of L13VO4 as the flux led to the 
study of the L1V2O4 - L13VO4 pseudobinary phase dia- 
gram. L1V2O4 was found to decompose peritectically at 
1040 °C. A eutectic was found with a eutectic temper- 
ature of 950 °C and the eutectic composition being ap- 
proximately 53 wt% L1V2O4 and 47 wt% Li 3 V0 4 . The 
crystals are of high quality, and as with powder L1V2O4, 
are not reactive to air and moisture. The magnetic sus- 
ceptibility of some of the crystals showed a Curie-like 
upturn at low T showing the presence of magnetic de- 
fects within the spinel structure. The defects could be 
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FIG. 7: (a) Magnetic susceptibility of three LiV2C>4 powder 
samples. Sample 1 (open squares) is the as-made LiV2C>4 
sample while samples 2 (open circles) and 3 (open triangles) 
are water treated and L1VO3 solution treated, respectively, 
(b) Magnetic susceptibility of an as-grown (filled squares) and 
water treated (open circles) octahedral L1V2O4 single crystal. 



for crystals which were free of any magnetic defects. The 
electrical resistivity measurement on a magnetically pure 
crystal revealed the expected metallic behavior down to 
1.8 K. 

In addition to the further study of heavy fermion be- 
haviors in magnetically pure LiV204, the present method 
of crystal growth opens up new research areas associated 
with the physics of magnetic defects in L1V2O4. From 
detailed high resolution electron diffraction and/or syn- 
chrotron x-ray structural studies one may be able to de- 
termine the nature of the crystal defects giving rise to the 
magnetic defects. Important fundamental issues that can 
be addressed include whether the heavy Fermi liquid in 
magnetically pure LiV204 survives when magnetic de- 
fects are present and whether the crystal and magnetic 
defects drive a metal-insulator transition at some defect 
concentration. These questions can initially be addressed 
in the milliKclvin temperature range using electrical re- 
sistivity, magnetic susceptibility, NMR, and electrical re- 
sistivity measurements. A related question is whether 
a quantum critical point occurs versus magnetic defect 
concentration. These are exciting topics for future re- 
search. 
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